phomas compared with nonmediastinal diffuse large B-cell lymphomas (11) . MAL recurrent expression in primary mediastinal large B-cell lymphomas was confirmed by Northern blot, reverse transcription-polymerase chain reaction (RT-PCR), and immunohistochemical studies in a limited series of primary mediastinal large B-cell lymphomas, nonmediastinal diffuse large B-cell lymphomas, and neoplastic B-cell lines. These results were in line with the hypothesis that primary mediastinal large B-cell lymphoma represents a distinct lymphoma subtype among diffuse large B-cell lymphomas (12) .
According to the literature, MAL protein is expressed in lymphoid cells derived from the T-cell lineage (thymus, peripheral blood T-cells, CD4
ϩ CD8 Ϫ helper, and CD4 Ϫ CD8 ϩ cytotoxic mature T-cell clones and leukemic T-cell lines) but is not expressed in the B-cell lineage (1, 10, 13, 14) . However, extensive studies of MAL protein expression in normal lymphoid tissues and lymphoid malignancies have not been performed yet. The aims of our study were first to analyze the pattern of MAL expression in peripheral blood lymphocytes and normal lymphoid tissues, including the thymus, tonsil, reactive lymph node, and spleen and secondarily, to further extend the immunohistochemical analysis of MAL protein expression to a large series of B-and T-cell lymphoid malignancies and to the primary mediastinal large B-cell lymphomaderived B-cell line MedB-1 (15) .
MATERIALS AND METHODS

Flow Cytometry
Peripheral blood was obtained from blood donors and handled according to established clinical guidelines. Tonsils were obtained from children operated on for benign reactive hyperplastic tonsils. Spleen samples were obtained from patients undergoing splenectomy as treatment against immune thrombocytopenic purpura. Peripheral mononuclear cells and mononuclear cells obtained after dilaceration of tonsil or spleen were isolated on Ficoll preparations and frozen in dimethylsulfoxide until use.
The following monoclonal antibodies (mAb) were used: CD3(HIT3␣) and CD19(HD 237), both directly conjugated to phycoerythrin-Texas Red (ECD) from Beckman-Coulter (Hialey, FL), CD4(53-5; Tricolor) from Caltag (Burlingame, CA). Anti-MAL 6D9 mAb directed against amino acids 114 -123 of the human MAL protein (4; gift from Miguel Alonso, Madrid, Spain) was used in an indirect staining in combination with GAM-F(ab') 2 FITC (fluorescein isothiocyanate) anti IgG (HϩL; Tebu, Le-Perray-enYvelines, France) as secondary antibody. Briefly, cells were thawed in RPMI plus fetal calf serum (FCS), washed once, and incubated 15 minutes at 4°C with the directly conjugated surface monoclonal antibodies for lymphocyte subset determination. After washing once, cells were permeabilized in phosphate-buffered saline (PBS) containing 0.1% saponin and FCS at 5%. MAL antibody or controlirrelevant primary antibody was added, and cells were incubated for 30 minutes at 4°C. After two washes, secondary antibody was added for another incubation of 15 minutes at 4°C.
Irrelevant murine monoclonal antibodies were used to define background staining: IgG2a-phycoerythrin, IgG2b-ECD, from Beckman-Coulter, IgG2a-Tricolor from Caltag, and total mouse Ig (Tebu) with GAM-FITC as a negative control for MAL staining. MAL/CD19 and MAL/CD3/CD4 multiple labeling were performed to assess expression of MAL in B-and T-cell subsets of peripheral blood, tonsils, and spleens. Lymphocytes were identified by forward-and side-scatter analysis. CD4 T cells were defined as CD4 ϩ CD3 ϩ cells, CD8 T cells as CD4 Ϫ CD3 ϩ cells, and B cells as CD19 ϩ cells. Light compensation for each combination of antibodies had been established in our laboratory before this study. Flow cytometry was performed with a Coulter EPICS® XL within 24 hours from the staining. Listmode parameters were analyzed and stored on System II software (Beckman-Coulter).
Histology and Immunohistochemistry
Eight samples of reactive lymphoid tissues were studied: two tonsils, two spleens, two reactive lymph nodes, and two thymuses (one neonatal and one from a 19-year-old man). All were fixed in Bouin's fixative, paraffin embedded, and routinely processed. An additional portion of one of the two thymuses was also snap-frozen in liquid nitrogen and stored at Ϫ80°C for phenotypic studies.
One hundred eighty-five cases of lymphoid malignancies were retrieved from the files of the Department of Pathology, Henri Mondor hospital, Créteil, France. Material consisted of Bouin's-, formalin-, or AFA (alcohol, formalin, and acetic acid)-fixed pathological specimens. Paraffinembedded tissue sections were stained with hematoxylin-eosin for histological studies. Lymphomas were classified according to the World Health Organization classification (16) using both morphological and immunophenotypic criteria. This series included 33 cases of primary mediastinal large B-cell lymphomas, 33 cases of nonmediastinal large B-cell lymphomas, and most B-and T/NK-cell neoplasms and comprised the 12 cases of primary mediastinal large B-cell lymphomas and the 8 cases of nonmediastinal diffuse large B-cell lymphomas analyzed for MAL expression in our initial study (11) . Pathological specimens of primary mediastinal large B-cell lymphoma consisted of 27 mediastinal biopsies and 6 peripheral lymph node biopsies. Specimens of nonmediastinal diffuse large B-cell lymphomas included 28 peripheral lymph node biopsies, 2 extranodal diffuse large B-cell lymphomas (spleen and small bowel), and 3 cases of pyothorax-associated B-cell lymphomas.
This series also included 31 cases of classical Hodgkin lymphoma and 10 cases of nodular lymphocyte-predominant Hodgkin lymphoma. Among classical Hodgkin lymphomas, 25 patients presented with mediastinal disease and 2 patients without; this information was not available for 4 patients. Pathological specimens of classical Hodgkin lymphomas consisted of mediastinal biopsies for 6 cases and of peripheral lymph nodes for the remainders.
Immunohistochemistry was performed on paraffinembedded tissue sections using the Ventana automated immunostainer (Ventana Medical Systems, Tucson, AZ) and their diaminobenzidine detection kit, according to the manufacturer's recommendations. All cases were evaluated for B-and T-cell differentiation antigens. When appropriate, antigen retrieval was performed by microwave heating in citrate or EDTA buffer.
MAL protein expression was evaluated using anti-MAL 6D9 mAb. Variable intensity of the MAL immunostaining was observed depending on the fixative used: Bouin's fixative appeared to be the best fixative to preserve MAL immunoreactivity. In contrast, EDTA or citrate pretreatment were necessary for formalin or AFA-fixed specimens to highlight MAL immunoreactivity. Therefore, most cases were evaluated in triplicate in various conditions: without pretreatment, microwave heating in citrate buffer (12 min at 750W, 2 times for 10 min at 350W in citrate buffer, pH 6.7), and microwave heating in EDTA buffer (12 min at 750W, 3 times for 10 min at 350W in EDTA buffer, pH 8.0). The pattern of MAL immunoreactivity consisted of membrane with or without paranuclear dotlike staining of the tumor cell. Intratumoral positive small lymphoid cells consistent with reactive T cells were present in all cases. Samples without internal positive control were considered noninterpretable and were excluded from the study.
Cytospin preparations of MedB-1 mediastinal B-cell line (15) were also evaluated for MAL protein expression by immunocytochemistry using the Ventana automated immunostainer.
Expression of MAL together with B-cell marker CD79a were evaluated in thymus, tonsil, and reactive lymph node paraffin-embedded tissue sections using double immunofluorescence labeling. Frozen sections of one of the thymuses were also evaluated. Briefly, paraffin-embedded tissue sections were dewaxed and microwave pretreated in citrate buffer, as described previously. Frozen tissue sections were fixed in acetone for 10 minutes. Slides were first incubated with 10% goat serum (Santa Cruz, Tebu, Le-Perray-en-Yvelines, France) for 20 minutes, followed by primary anti-MAL 6D9 mAb (IgG2a) at 1:50 dilution for 1 hour. After PBS washes, slides were incubated in the dark with goat anti-mouse IgG-Cy3 antibody (Caltag, Tebu, LePerray-en-Yvelines, France) at 1:50 dilution for 30 minutes. After PBS washes, slides were incubated with secondary anti-CD79a antibody (IgG1; Dako, SA, Glostrup, Denmark) at 1:50 dilution for 1 hour. Slides were washed in PBS and then incubated with goat anti-mouse IgG1-FITC antibody (Santa Cruz, Tebu, Le-Perray-en-Yvelines, France) at 1:200 dilution for 30 minutes. After PBS washes, slides were mounted in Vectashield (Vector, Burlingame, CA) medium and kept in the dark at 4°C until analyzed. Sections were viewed on a Leica microscope equipped for fluorescence.
RESULTS
MAL Protein Expression in Peripheral Blood Lymphocytes, Lymphoid Suspensions of Tonsil, and Spleen by Flow Cytometry
Expression of MAL protein in mature B lymphocytes and in CD4 and CD8 T lymphocyte subsets was assessed by flow cytometry in four peripheral blood lymphocyte samples and in cell suspensions of two tonsils and of two spleens. The results are shown in Table 1 and illustrated in Figure 1 . MAL was consistently expressed in a large proportion of CD4 T cells (range: 65-90%; Fig. 1A ), except in one tonsil sample, where MAL expression was lower (31%). MAL antigen was less frequently expressed in CD8 T cells (range: 22-50%) and was very scarce in one spleen sample (5%). MAL was not significantly expressed in peripheral blood B cells (Fig.  1B) or in B-cell subsets of tonsil and spleen.
MAL Protein Expression in Thymus, Tonsil, Reactive Lymph Node, and Spleen Tissue Sections
In the thymus, two distinct zones were observed. Lymphoid cells from the thymic cortex were strongly positive for MAL ( Fig. 2A) . In contrast, the medulla, where most B cells are located (Fig. 2B) , displayed occasional MAL-positive lymphoid cells. Squamous epithelial cells from Hassall's corpuscles were also found positive.
The pattern of MAL immunoreactivity was similar in the tonsils and in the reactive lymph nodes. MAL protein expression was restricted to small lymphoid cells that were scattered in the interfollicular zone and occasionally located in the germinal center of lymphoid follicles (Fig. 2C ). These cells were distinct from centrocytes or centroblasts and presented a pattern consistent with small T lymphocytes. The number of MAL-positive lymphoid cells was variable from case to case, accounting for about 5 to 30% of interfollicular small lymphoid cells. In addition, MAL protein expression was also observed in occasional mature plasma cells located in the interfollicular areas, in superficial squamous epithelial cells, and in nerve sections (Fig. 2D) . In the spleen, rare positive small lymphoid cells were observed in the red pulp and within the periarterial lymphatic sheath of the white pulp.
Double Immunofluorescence Labeling of Thymus, Tonsil, and Reactive Lymph Nodes Tissue Sections with Anti-MAL and Anti-CD79a Antibodies Double immunofluorescence labeling of two thymuses revealed that a minor fraction of thymic medullary B cells displayed MAL immunoreactivity. These MAL-positive B cells were either small and round or asteroid shaped (Fig. 3) . In tonsil and reactive lymph node tissue sections, occasional plasma cells of the interfollicular areas displayed both CD79a and MAL immunoreactivity.
MAL Protein Expression in Lymphoid Malignancies
The results are shown in Table 2 and illustrated in Figure 4 . Among 33 cases of primary mediastinal large B-cell lymphomas, 21 cases (70%) demonstrated MAL protein immunoreactivity. The percentage of positive tumor cells ranged from 10% to virtually all tumor cells (Fig. 4A) . Interestingly, the MedB-1 B-cell line was found to be positive for MAL (Fig. 4B) . About a third of the cells displayed cytoplasmic and paranuclear dot-like immunoreactivity, with a variable intensity from cell to cell. We did not observe any differences between the MAL- (Fig. 4C) . Tumor cells of all low grade B-cell malignancies, including B-cell chronic lymphocytic leukemia, mantle cell lymphoma, follicular lymphoma (Fig.  4D) , and marginal zone lymphoma, were negative for MAL immunostaining. Three of five plasmacytoma/myeloma showed numerous positive tumor cells.
In the T-cell lineage, five of six T-lymphoblastic lymphomas were strongly positive (Fig. 4E) . Among peripheral T-cell lymphomas (PTCLs), all cases of PTCLs unspecified, angioimmunoblastic, nasaltype NK/T-, hepatosplenic, and adult T-cell lymphomas HTLV1ϩ remained negative, except for apparently reactive small lymphocytes. One case of ALK-negative anaplastic large cell lymphoma located in a lymph node demonstrated MAL positivity in the Golgi area of many neoplastic cells.
Most cases (28/31) of classical Hodgkin lymphomas were negative for MAL (Fig. 4F) . Three cases 
DISCUSSION
Our study provides additional informations on the pattern of MAL protein expression in the lymphoid lineage in physiologic conditions. Flow cytometry analysis of peripheral blood lymphocytes and of tonsil and spleen lymphoid cell suspensions demonstrated consistent MAL protein expression in the CD4 T-cell subset (range: 65-90%) and in a lower fraction of the CD8 T-cell subset (range: 22-50%), whereas CD19ϩ B cells remained essentially negative. In comparison, immunohistochemical studies of normal lymphoid organs showed scattered small lymphoid cells, in the interfollicular areas of tonsils and lymph nodes and in the periarterial lymphatic sheath of the white pulp of the spleen, which were consistent with reactive T-cells.
Occasional positive cells with plasma cell morphology were observed in the interfollicular areas, but centroblasts and centrocytes in germinal centers remained negative.
In the thymus, the pattern of MAL immunoreactivity showed two distinct zones: the cortex, which was strongly positive, and the medulla, where only few positive lymphoid cells were observed. Interestingly, double immunofluorescence labeling of thymus tissue sections with MAL and CD79a mAbs revealed that a minor fraction of thymic medullary B cells, including asteroid-shaped B cells, displayed MAL immunoreactivity. This result is of significant importance because primary mediastinal large B-cell lymphomas are believed to arise from thymic B cells (17, 18) . The reason that a small fraction of thymic B cells express MAL remains to be elucidated. It may be hypothesized that MAL expression is related to a specific stage of B-cell differentiation. Indeed, thymic B cells have proved to be an heterogeneous population of B cells in regard to their phenotype and immunoglobulin V H gene status, suggesting that some but not all thymic B cells are postgerminal center B cells (19, 20) . Despite controversies regarding the germinal-center or postgerminal-center derivation of primary mediastinal large B-cell lymphomas (21, 22) , a recent study has shown that primary mediastinal large B-cell lymphomas present heavily mutated, classswitched immunoglobulin genes without evidence of ongoing mutational activity, favoring their origin from B cells at a terminal stage of differentiation (23) . Because MAL expression is found in primary mediastinal large B-cell lymphomas, in plasmacytoma/myeloma, and in occasional plasma cells in normal lymphoid organs, it is tempting to speculate that primary mediastinal large B-cell lymphomas derive from a subset of thymic B cells that express MAL at a terminal stage of differentiation.
In the context of B-cell lymphoproliferations, our results confirm the recurrent expression of MAL protein in primary mediastinal large B-cell lymphomas, as compared with other B-cell malignancies. All low-grade B-cell lymphomas including B-CLL, mantle-cell, follicular, and marginal zone lymphomas were negative for MAL expression. Twenty-one out of 33 primary mediastinal large B-cell lymphomas (70%) displayed positive tumor cells, whereas only 1 nonmediastinal diffuse large B-cell lymphoma of 33 (3%) was positive. Moreover, the primary mediastinal large B-cell lymphoma-derived B-cell line MedB-1 recently reported by Möller et al (15) expressed MAL by RT-PCR (data not shown) and immunocytochemistry. Altogether, these results further support MAL as a distinct molecular marker of primary mediastinal large B-cell lymphoma. In T/NK cell neoplasms, most T-lymphoblastic lymphomas were positive, which is consistent with MAL initial description and MAL strong immunohistochemical expression in the thymic cortex, whereas all "mature" T-cell neoplasms were negative, except for one case of anaplastic large cell lymphoma.
As hematopathologists, we were concerned about the possibility of using MAL immunostaining to differentiate primary mediastinal large B-cell lymphoma from classical Hodgkin lymphoma. With the advent of antigen retrieval methods, the immunophenotypic profile of some lymphoid malignancies has changed in the past few years. Seventy percent of primary mediastinal large B-cell lymphomas may express the Hodgkin marker CD30 (24) , and expression of CD20 by Reed Sternberg cells is not a rare finding (25) . It is possible to misdiagnose these two entities, which frequently present the same clinical features with a bulky mediastinal mass, especially when dealing with small biopsy samples. This may lead to an erroneous treatment and affect the overall survival rate, as emphasized in a recent study (26) . MAL immunostaining may be useful for sorting out these "gray zone" lymphomas (23), but one must be aware of the potential of some classical Hodgkin lymphomas to express MAL, as 3 cases of our 31, all with a mediastinal tumor mass, displayed 20 -50% positive Reed Sternberg cells. The reason for the occasional expression of MAL in classical Hodgkin lymphoma is unclear and raises the question of the possible thymic B-cell origin of Reed Sternberg cells, at least in some cases.
The biological significance of MAL protein expression in primary mediastinal large B-cell lymphoma tumor cells remains elusive. According to the literature, MAL proteolipid is a component of detergent-insoluble glycosphingolipid-enriched membrane microdomains, called lipid rafts, in T cells and in polarized epithelial cells and mature oligodendrocytes (3) (4) (5) 27) . Functional studies performed in epithelial cell lines suggest that MAL has important functions in intracellular sorting and transport and in stabilization and maintenance of lipid raft membrane microdomains (7) . In addition, in T cells, MAL co-immunoprecipitates with GPI-anchored proteins, like CD59, and lck tyrosine kinase, suggesting that MAL could serve as a linker protein between GPI-anchored proteins of the external leaflet of the plasma membrane and tyrosine kinases of the cytosolic leaflet and thus participate to T-cell signal transduction (10) . Over the past few years, there has been growing evidence that lipid rafts play a key role in T-cell receptor (TCR) and B-cell receptor (BCR) signaling and trafficking (28 -31) . In B cells, antigen binding induces BCR translocation into lipid rafts, where it encounters the signaling components necessary to initiate B-cell activation (32) . Alteration of raft components in B cells may have important consequences, as illustrated by the EBV gene product LMP2A in EBV-immortalized B-cell lines. LMP2A is constitutively present in these B-cell rafts and blocks BCR signaling and internalization (32) . Whether MAL is located in lipid rafts of primary mediastinal large B-cell lymphoma tumor cells and is involved in signaling in response to B-cell receptor ligation remains unknown at present. However, in view of MAL's supposed functions, it is tempting to speculate that MAL expression in a primary mediastinal large B-cell lymphoma's B cells may modify membrane raft dynamics and contribute to neoplastic cell dysregulation.
In conclusion, this study provides additional data on MAL expression in the lymphoid lineage. In physiologic conditions, MAL is found predominantly in the CD4 T-cell subset of peripheral blood lymphocytes, tonsil, and spleen and is not usually expressed in CD19ϩ B-cells. In the thymus, besides strong MAL expression in the cortex, a small fraction of thymic medullary B cells displays MAL immunoreactivity. These results further support thymic B cells as the normal counterpart of primary mediastinal large B-cell lymphomas and MAL as a distinct molecular marker of this lymphoma subtype among diffuse large B-cell lymphomas.
